The present work reports the structure, chemical composition and electronic properties of passive films formed on Alloy 600 and Alloy 690 in borate buffer and sulfuric acid solutions. Photoelectrochemical response from passive films varied depending on the alloy substrates and the solutions. XPS analysis revealed that the passive films formed on Alloy 600 and Alloy 690 consisted of an outer hydroxide layer and an inner oxide layer in the borate buffer solution as well as the sulfuric acid solution. The chemical composition of the layers was relatively different depending on the solutions, that is, more Fe was incorporated into the passive films formed in the borate buffer solution.
Introduction
The corrosion resistance of metallic materials is attributed to passive films on their surface, that is, strongly depends on the structure, composition and properties of passive films. Therefore, the analysis of passive films has been considered to be prerequisite and carried out with various analytical techniques. Since the 1970's, the composition and structure of passive films have been investigated using the ex-situ analytical techniques such as XPS and AES. 19) Such ex-situ analytical techniques, however, denature passive films when analyzed, because any specimens should be taken out of solution and furthermore, measurements are performed in an ultra-high vacuum environment. Therefore passive films formed in aqueous solution have been examined also by in-situ techniques since the 1980's. 1027) In particular the photoelectrochemical response and the electrochemical impedance technique have often been used to examine passive films. The both in-situ analytical techniques provide information on electronic properties of passive films that are related with the stability of passive film. Therefore the in-situ techniques have been applied to examine electronic properties of passive film. The electronic properties of passive films on nickel-base alloys have been explored to reveal the high corrosion resistance of the alloys. 18 ,2325) These analyses were based on Mott-Schottky plot from the electrochemical impedance measurement where type of conduction as semiconductor and carrier density in passive film can be estimated from the slope of Mott-Schottky plot. Although several slopes have been often observed in one MottSchottky plot and analyzed based on layered structure of passive film (hydroxide layer and oxide layer), it is not clear which part of passive film is analyzed from Mott-Schottky plot. On the other hand, the photoelectrochemical response measures the current change generated by photo-excitation in passive film. Assuming that the passive film consists of some layers along the substrate, and the each layer is constructed by a uniform composition, the photo-excitation is attributed to the band gap energy of each component in passive film.
Moreover, values of band gap energies are different from each other on their compositions. Therefore, obtained data from the photoelectrochemical response can be separated into several components according to the band gap energy of each layer in passive film. Furthermore, from the potential dependence of photocurrent, the type of semiconductor can be also estimated. 19, 20) These indicate that the photoelectrochemical response is a powerful in-situ technique to examine electronic properties of each layer in passive films. However, the electronic properties of passive films on Nibased alloys have not been investigated. Furthermore, the understanding of electronic properties of passive films on the alloys will lead to the development of high corrosion resistant alloy.
In the present work we have examined electronic properties of passive films formed on Alloy 600 and Alloy 690 in pH 8.4 borate buffer and in 0.1 mol L ¹1 sulfuric acid solutions using the photoelectrochemical response. Especially how chemical composition of passive films affects electronic properties has been focused.
Experimental
The materials examined were Alloy 600, Alloy 690 and high-purity Alloy 690. The chemical compositions of the alloys are listed in Table 1 . Furthermore, Ni-30Cr alloy was also used as a reference. The surfaces of the materials were polished mechanically with SiC abrasive paper and mirrorfinished with submicron alumina pastes, then cleaned with ethanol, methanol, and distilled water, successively.
Electrochemical measurements were carried out in a threeelectrode cell with a platinum counter electrode and a Ag/ AgCl reference electrode. The specimen electrode was connected to a lead wire by welding and then embedded in an epoxy resin. The specimen surface was mirror-finished with alumina paste, followed by ultra-sonicating in methanol and distilled water. The surface of the electrode was covered with polytetrafluoroethylene (PTFE) adhesive tape, leaving
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Graduate Student, Osaka University +2 0.785 cm 2 of the surface to electrolyte. The electrolytes used were 0.1 mol L ¹1 sulfuric acid and pH 8.4 borate buffer solutions. Both were deaerated with N 2 gas for more than 12 h prior to experiment. The polarization curves were measured in the solutions with a scan rate of 1 mV s ¹1 . The electronic properties of passive films were investigated by the photoelectrochemical response. A specimen was polarized at a desired film formation potential, E f , in a passive region for 24 h before photoelectrochemical response measurements commenced. The photoelectrochemical response measurements were carried out using a potentiostat connected to a low-pass filter with a threshold frequency of 4 Hz and a differential amplifier. In the measurement, monochromatic light obtained using a 150-W xenon arc lamp and a grating monochromator was irradiated on the specimen in the electrochemical cell through a quartz window. The current change caused during the photoirradiation for 15 s was recorded as a photocurrent transient at the film formation potential, E f . Then the applied potential was changed stepwise with the interval of 100 mV in the less noble direction. The measurement was carried out at each measuring potential, E m , changing the wavelength of the incident light from 250 to 500 nm.
XPS analysis was performed to examine the chemical composition of passive films formed on the specimens in the solutions using a Rigaku XPS-7000 spectrometer. Al-K¡ (250 W) was used as X-ray source without monochromator. The spectrometer was operated with constant pass energy of 15 eV and two different take-off angles of photoelectron were used to obtain the information on the structure of passive films on the Ni-based alloys. Obtained spectra were separated into those of some chemical states using the deconvolution software attached to XPS-7000 system and the Shirley method 28) was applied for background subtraction. The composition of passive films was quantitatively estimated based on the integrated areas of the deconvoluted photoelectron spectra of Ni2p 3/2 , Cr2p 3/2 , Fe2p 3/2 , O1s and C1s.
Results
Figures 1(a) and 1(b) show the potentiodynamic polarization curves of Alloy 600 and Alloy 690 in the borate buffer and sulfuric acid solutions, respectively. Polarization curves measured for Ni-30Cr alloy in the solutions are also included for comparison. It is clear that in the borate buffer solution, current density in the polarization curves was quite different among the specimens. However, the passive region was determined to be located between ¹400 and 400 mV for all specimens. In the sulfuric acid solution, on the other hand, the polarization curves were more similar each other, and the passive region in the sulfuric acid solution was determined to be from 100 to 900 mV. In the present work, photoelectrochemical response measurements were performed around the passive regions.
In the photoelectrochemical response measurements, current change caused by photoirraidation was recorded. The current change obtained in the present work exhibited three types of transient for all specimens in the solutions. Figure 2 shows current transients recorded for passive films formed on Alloy 690. At lower potentials, the shape of current transient was similar to that shown in Fig. 2(a) whereas at higher potentials, current exhibited the transients shown in Figs. 2(b) and 2(c) depending on the experimental condition. As apparent, the current is not constant, but varies during photoirradiation. Therefore, the difference between current recorded just before photoirradiation and after 15 s was defined as photocurrent, i ph , and analyzed in the present work. Figure 3 
where I 0 and h¯are the intensity and the photon energy of incident light, respectively, and E g is the band gap energy of passive film. C is the slope of photoelectrochemical action spectrum and reflects the amplitude of photocurrent generated. The h is the Planck's constant. By replotting the photocurrent spectra in Fig. 3(a) , photoelectrochemical action spectra are obtained as shown in Fig. 3(b) . As it is clear from the figure, the photoelectrochemical action spectra do not exhibit one straight line, but two regions with different slopes. Furthermore it is noticeable that the photocurrent spectrum obtained at ¹100 mV exhibits both positive and negative values depending on the photon energy of incident light. Assuming that photocurrent is generated from a single layer and the composition of one layer is uniform, the photocurrent should not change its direction at a fixed potential even if the photon energy of incident light is changed. Therefore, it can be considered that the photocurrent is generated from two layers. Angle-resolved XPS analysis revealed that passive films formed on the Ni-based alloys in the borate buffer and sulfuric acid solutions consist of duplex layers, that is, an inner oxide layer and a covering hydroxide layer. Typical spectra obtained for the passive film formed on Alloy 690 at 200 mV in the borate buffer solution are shown in Fig. 4 . The spectra show that the passive films formed on the Ni-based alloys consist of a hydroxide layer and an oxide layer. Furthermore angle-resolved XPS analysis (data are not shown) revealed that the hydroxide layer was present on the oxide layer. These indicate that the passive films on the alloys are composed of the outer hydroxide layer and the inner oxide layer. The XPS results obtained in the present work are in agreement with those previously reported in the literatures. 5, 6) In the present work, therefore, the photoelectrochemical action spectra were separated into two components, assuming that photocurrent obtained for passive film is considered as sum of two components originated from inner oxide and outer hydroxide layers with different band gap energies. As a result, the band gap energy of a passive film and the slope of photoelectrochemical action spectrum, C, were obtained. Band gap energy, E g , is estimated as the photon energy at which the (i ph ·h¯/I 0 ) 1/2 equals to zero in photoelectrochemical action spectrum. In the lower photon energy region, the photocurrent is generated from one layer with lower band gap energy. Therefore, the extrapolation of Photoelectrochemical action spectra calculated from the photocurrent spectra shown in Fig. 3(a) . (c) Magnified photoelectrochemical action spectra, shown in Fig. 3(b) .
the spectra in the lower energy region to the horizontal axis provides the lower band gap energy derived from one layer of passive film and the slope of the spectra. By subtracting the photoelectrochemical response for the component with lower band gap energy from the original photoelectrochemical action spectra, photoelectrochemical action spectra ascribed to the other component with higher band gap energy are obtained at higher photon energy region. Then, the extrapolation of the remaining spectra to the horizontal axis provides the larger component of band gap energy. Details of the separation process were previously reported. 17) From the photoelectrochemical action spectra shown in Fig. 3(b) , the band gap energies for the passive film formed on Alloy 690 at 200 mV in the borate buffer solution were estimated as approximately 2.3 eV and 3.5 eV. The band gap energies obtained were independent of film formation potential and measuring potential. Similar band gap energies were obtained also for passive films formed on the other specimens as Alloy 600 and Ni-30Cr. Figure 5 shows variation in the slope of the photoelectrochemical action spectrum, C, for passive films formed on Alloy 690, Alloy 600 and Ni-30Cr in the borate buffer solution. It is clear that C values for the component with lower band gap energy increases from negative to positive with increasing applied potential although the values are very small. On the other hand, C values for the component with the band gap energy of 3.5 eV are negative for all applied potentials and their absolute values increases with decreasing applied potential. Furthermore the C value obtained on Ni-30Cr is quite different from those on Alloy 600 and Alloy 690. Figure 6 also shows variation in the slope of the photoelectrochemical action spectrum, C, for passive films formed on the specimens in the sulfuric acid solution. It is clear that also in the case of sulfuric acid solution, C values for the component with the band gap energy of 2.3 eV gradually increases from negative to positive with the increase of potential whereas negative C values estimated for the component with larger band gap energy increase the absolute value with decreasing potential, which is in line with the case of the borate buffer solution mentioned above. However, the C value obtained for the component with larger band gap energy on Ni-30Cr in the sulfuric acid solution is very similar to that on Alloy 690 although C values for the components with lower band gap energy of 2.3 eV are quite similar for all specimens. These results indicate that C value can be changed depending on solution used for experiment.
Discussion
In the present work electronic properties of passive films formed on Alloy 600 and Alloy 690 in the borate buffer and sulfuric acid solutions were examined by the photoelectrochemical response. The obtained photoelectrochemical action spectra were separated into two components, providing two band gap energies of 2.3 eV and 3.5 eV for passive films formed on Alloy 600 and Alloy 690 as well as Ni-30Cr in the solutions. As described above, the passive films formed on the Ni-based alloys in the solutions consist mainly of hydroxide and oxide layers of Ni and Cr. Referring from the band gap energies reported previously for oxide and hydroxide layers on Ni and Cr, 11, 15, 16, 22, 26) the band gap energies estimated in the present work for the passive films on Alloy 600, Alloy 690 and Ni-30Cr in both solutions can be attributed to hydroxide and oxide layers in the passive films on the Ni-based alloys, that is, the band gap energy of 2.3 eV is attributed to the hydroxide layer whereas the band gap energy of 3.5 eV is from the oxide layer. The potential dependence of the slope of the photoelectrochemical action spectrum shown in Figs. 5 and 6 was quite similar to those obtained for passive films formed on Fe-18Cr in a sulfuric acid solution, 19) that is, the C values for oxide layer were negative for all applied potentials and the C values increase with decreasing applied potential whereas the C values for hydroxide layer are very small compared to those for oxide layer and increase from negative to positive with increasing applied potential. Therefore the electronic band structure of passive films formed on Alloy 600, Alloy 690 and Ni-30Cr is considered to be similar to that proposed for stainless steel passive films on the Ni-based alloys consist of p-type inner oxide layer with the band gap energy of 3.5 eV and n-type outer hydroxide layer with the band gap energy of 2.3 eV as illustrated in Fig. 7 .
As described above, the electronic band structure of passive films on the specimens are same. However, a difference can be observed in the amplitude of photocurrent, that is, the C value is different according to specimen, as apparent from Figs. 5 and 6, especially for the inner oxide layers with the band gap energy of 3.5 eV. On the other hand, the C value for the hydroxide layers with the band gap energy of 2.3 eV was more or less similar independent of specimen. Therefore, the variation in the C value for the oxide layer is discussed here. This can be related to the chemical composition of the oxide layers in the passive films on the Ni-based alloys. Table 2 presents chemical compositions of passive films examined in the present work. The details on the calculation method for the chemical compositions were previously described in the literature. 29, 30) As listed in Table 2 , the oxide layers in the passive films formed on Alloy 600, Alloy 690 and Ni-30Cr consist mainly of Cr oxide and Ni oxide in the borate buffer solution as well as the sulfuric acid solution. However, more Fe was incorporated into the oxide layers of the passive films on Alloy 600 and Alloy 690 in the borate buffer solution compared to in the sulfuric acid solution. Therefore, it can be assumed that such enrichment of Fe oxide in the oxide layers affects the photocurrent generation. The similar potential dependence of the C value was obtained for the oxide layer of the passive films formed on Alloy 600 and Alloy 690, which is relatively different from that for the oxide layer on Ni-30Cr that contains no Fe. On the other hand, in the case of the sulfuric acid solution, less Fe was incorporated into the oxide layers on Alloy 600 and Alloy 690 due to the selective dissolution of Fe. As a result, the effect of Fe in the oxide layer of passive films on the photocurrent generation could be negligible and therefore it is found that the photocurrent generation was mainly determined by Cr content in the oxide layers of the passive films in the sulfuric acid solution. Therefore, as shown in Fig. 6 , the potential dependence of the C value for the oxide layer of the passive film on Alloy 690 was almost same as that for Ni-30Cr as the Cr content in the oxide layer of the passive film on Alloy 690 is similar to that on Ni-30Cr due to their similar Cr content in the substrates and the selective dissolution of Fe from Alloy 690 in the acidic solution. As Alloy 690 contains other impurities as listed in Table 1 , their influence on the photocurrent generation in passive film was also examined. Figure 8 shows the potential dependence of the C value for the passive film formed on high-purity Alloy 690 in the borate buffer solution. The chemical composition of the alloy is already presented in Table 1 . The C value obtained for the passive film on the high-purity Alloy 690 is totally same as that for the passive film on the conventional Alloy 690, that is, impurities that are included in conventional Alloy 690 do not affect the electronic properties of passive films on Alloy 690. Therefore, it can be concluded that electronic properties of passive films can be affected when a certain amount of impurity is incorporated into passive films.
Conclusions
We examined passive films formed on nickel-based alloys in borate buffer and sulfuric acid solutions by the photoelectrochemical response and X-ray photoelectron spectroscopy. The results indicated that the passive films formed on the alloys in the solution consist of an inner oxide layer with the bang gap energy of approximately 3.5 eV and a covering hydroxide layer with the bang gap energy of around 2.3 eV. The photoelectrochemical response was significantly changed for oxide layer, according to the specimen as well as the solution used. This can be ascribed to the difference in chemical composition of oxide layer where the amount of incorporated Fe is significantly different. 
